We report a novel quantum dot based laser design where a stable high-Q master laser is used to injection lock a passively mode-locked monolithic colliding pulse slave laser. Coupling between the crossed orthogonal laser cavities is achieved through a common monolithically integrated saturable absorber, which results in the locking and hence reduction of the timing jitter as well as the long-term frequency drift of the slave laser. A stable 30 GHz optical pulse train is generated with more than 10 dB reduction in the RF noise level at 20 MHz offset and close to 3 times reduction in the 10 dB average optical linewidth of the slave laser. © 2012 Optical Society of America OCIS codes: 140.4050, 140.5960, 250.5590, 320.7090. Wide spaced frequency combs generated by short optical pulses at high repetition rates have become important tools for time and frequency metrology and as potential sources for coherent communications and signal processing [1, 2] . Monolithic passively mode-locked lasers, especially quantum dot (QD) based lasers with unique characteristics, such as ultrabroad gain bandwidth, low threshold current, enhanced temperature stability, low linewidth enhancement factor, and ultrafast gain and absorption dynamics offer promise as compact, reliable, and robust optical sources [3, 4] . However, in the absence of direct electrical modulation, these passively modelocked lasers are susceptible to large amplitude and timing jitter instabilities [5] . Previous research has been focused on the external stabilization of pulse trains such as optoelectronic feedback using phase-locked loops [6], optical pulse injection [7] , and subharmonic optical injection [8] . Recently, optical microresonators have also been demonstrated to serve as compact sources of optical frequency combs [9] . However, the complexity of all these techniques, and the fabrication and cost involved, limit their applications. We report a novel and simple QD based laser design where a stable high-Q ring cavity is used to injection lock a passively mode-locked monolithic laser operating in colliding pulse regime. We believe four-wave mixing (FWM) in the common saturable absorber (SA) is responsible for the injection locking. However, the contributions of other mechanisms such as linear scattering, which are expected to be small, still need to be explored [10] .
Wide spaced frequency combs generated by short optical pulses at high repetition rates have become important tools for time and frequency metrology and as potential sources for coherent communications and signal processing [1, 2] . Monolithic passively mode-locked lasers, especially quantum dot (QD) based lasers with unique characteristics, such as ultrabroad gain bandwidth, low threshold current, enhanced temperature stability, low linewidth enhancement factor, and ultrafast gain and absorption dynamics offer promise as compact, reliable, and robust optical sources [3, 4] . However, in the absence of direct electrical modulation, these passively modelocked lasers are susceptible to large amplitude and timing jitter instabilities [5] . Previous research has been focused on the external stabilization of pulse trains such as optoelectronic feedback using phase-locked loops [6] , optical pulse injection [7] , and subharmonic optical injection [8] . Recently, optical microresonators have also been demonstrated to serve as compact sources of optical frequency combs [9] . However, the complexity of all these techniques, and the fabrication and cost involved, limit their applications.
We report a novel and simple QD based laser design where a stable high-Q ring cavity is used to injection lock a passively mode-locked monolithic laser operating in colliding pulse regime. We believe four-wave mixing (FWM) in the common saturable absorber (SA) is responsible for the injection locking. However, the contributions of other mechanisms such as linear scattering, which are expected to be small, still need to be explored [10] .
As seen in Fig. 1 , the two curved gain sections are part of an external ring cavity, which is precisely built and passively mode-locked at a subharmonic of the monolithic colliding pulse laser. Having the two cavities in a crossed configuration would lead to the formation of transient gratings, when the four pulses overlap in the SA region. Synchronization of the four pulses occurs because minimum energy is lost to the SA when the four pulses meet in the absorber medium. The formation of the transient gratings (referred to as degenerate FWM) is due to the carrier density variation in the SA region, as observed in the case of a conventional colliding pulse mode-locked laser (CPM) [11, 12] . The resulting index of refraction modulation at 45°to the face of SA causes the pulses to be diffracted from individual cavities into each other, which we believe couples and locks the CPM laser to the external cavity. This stabilizes and thus effectively reduces the jitter associated with the CPM laser, as witnessed by the considerable reduction in the RF and optical linewidth of the CPM laser.
The devices used in the experiment are fabricated from InAs/InGaAs QD wafer grown by molecular beam epitaxy on an n h100i GaAs substrate. The active region is a multistack QD structure, consisting of 10 layers of self-assembled InAs QDs capped by In X Ga 1−x As quantum wells and bounded by AlGaAs cladding layers. Each QD layer is separated by 33 nm thick GaAs spacers. The emission wavelength is ∼1.3 μm.
The fabricated monolithic device structure is shown in Fig. 1 . It consists of four gain sections with two crossed SAs at the symmetry center in order to maximize the coherent coupling of the four colliding pulses. Mesa structures are defined using standard ridge waveguide laser processing. The sample is wet-etched to form 3.6 and 4.6 μm wide single mode waveguides in the case of curved and linear sections, respectively. The curved section waveguides are designed at an angle of 7°with respect to the facet and are tapered to 4.6 μm widths at the termination to avoid Fabry-Perot (FP) reflections. The SA sections are 4.6 μm wide and 200 μm long waveguides, separated by a 15 μm gap from the gain sections. All the gain and SA sections facets are further angled relative to each other to avoid FP reflections. All four gain sections are electrically isolated from each other, allowing for individual control of the DC bias currents to help achieve optimal mode-locking. No antireflection (AR) coatings are used on the cleaved facets (R ∼ 32%). Single mode operation is verified with the effective index method and beam profiling and by efficient coupling to single mode fiber (SMF).
The monolithic CPM cavity formed by the cleaved facets has a total length of about 2.8 mm. However, because of the two counterpropagating pulses traveling simultaneously in the cavity, the fundamental repetition rate in the CPM configuration is twice the free spectral range (FSR) of the whole cavity. The CPM resonant cavity thus has a repetition rate of 29.46 GHz. For the master oscillator, the two curved sections serve as the gain medium. As seen in Fig. 1 , the cavity is built with four gold coated external mirrors, with two mirrors mounted on a translation stage to control and precisely match the cavity length to a subharmonic of the CPM laser. The chosen cavity length corresponds to an FSR of 446 MHz, which is the 66th subharmonic of the CPM laser. In the operation mode, all the gain sections are driven by constant-current sources, while a voltage source provides the reverse bias to the absorber sections. It should be noted that because of the common SA region, the reverse bias voltage and the bias currents used in the experiment are carefully chosen to achieve simultaneous stable mode-locking of the external cavity and the CPM laser and to achieve optical spectral overlap of the two cavities. The spectral overlap induces coupling between the two cavities whereby the injected pulses transfer the phase stability to the longitudinal modes of the CPM slave laser, thus injection locking the CPM laser to the master laser.
To begin, the external ring cavity is first aligned to operate in a continuous wave (CW) regime by applying forward bias current of 70 mA on each of the two curved gain sections, using separate DC probes and current sources. The threshold current of the laser is ∼35 mA (applied on each gain section with no voltage on the absorber section). Two aspheric lenses are used to collect and collimate the light inside the ring cavity. Passive mode-locking is achieved by applying reverse bias voltage of −6.5 V 0.1 V to the crossed SA section, which is kept constant through all measurements. The light is coupled out of the ring cavity using a pellicle beamsplitter with small reflectance (8%) to minimize the cavity losses. The output is amplified using a semiconductor optical amplifier (SOA) and then coupled to SMF fiber for diagnostics.
The spectral and autocorrelation measurements are shown in Fig. 2 . The 3 dB spectral width is 3.6 nm. The pulsewidth is estimated to be 5.21 ps, assuming a Gaussian pulse shape. The time-bandwidth product (TBP) is thus 3.29, which is 7.5 times transform limit.
The optical linewidth in Fig. 2(d) is measured using the delayed self-heterodyne technique. The laser output is amplified using a fiberized amplifier before the MachZehnder interferometer. A free space acousto-optic modulator operating at 100 MHz in one of the arms together with 200 m fiber delay in the other produces an uncorrelated beat tone at 100 MHz on the electrical spectrum analyzer, which gives us the measure of the average optical linewidth, as it is the result of a heterodyne beat of two combs. Since semiconductor laser linewidths are dominated by frequency jitter, or 1 ∕ f noise, linewidths are measured more accurately by determining the width at levels further down from the peak than the halfmaximum. Due to the delayed self-heterodyne beat being a result of a convolution of Lorentzian curves, a deconvolution factor is necessary. For the 10 dB width, this factor is 2 9 p Δν. The measured 10 dB average optical linewidth of the master laser is ∼18 MHz, which thus yields a laser linewidth of Δν 3 MHz, after deconvolution.
The slave CPM laser is passively mode-locked at the fundamental repetition rate of 29.46 GHz by applying a forward bias current of 28 mA on each of its linear gain sections. The reverse bias voltage is −6.5 V, which, as mentioned, is shared and kept constant with the SA of the master oscillator. The threshold current of the laser is ∼20 mA (applied on each gain section with no voltage on the absorber section). Light is coupled out using an aspheric lens and then amplified using an SOA before going to the diagnostic equipment. As seen in Fig. 3(a) , the laser exhibits supermode noise (a characteristic of harmonic mode-locking) with the optical spectrum showing two sets of optical modes spaced at the cavity FSR [2] . The measurements before injection are taken by physically blocking the light inside the master ring cavity. Optical pulse injection is achieved by removing this beam block. As seen in Fig. 3 , supermode suppression in the optical domain is not only accompanied by RF linewidth reduction but also by reduction in the average optical linewidth after injection locking. There is a more than 10 dB reduction in the RF noise level at 20 MHz offset from the carrier. The RF tone width is reduced from 24.35 MHz to 4.88 MHz measured 30 dB down from the carrier, which is an almost 5-times reduction. This is accompanied by a reduction of the 10 dB average optical linewidth, from 46 MHz to 18 MHz. After deconvolution, this corresponds to a laser linewidth reduction from ∼8 MHz to 3 MHz after injection locking.
The intensity autocorrelation measurements are shown in Fig. 3(d) . The pulsewidth is estimated to be 4.32 ps, assuming a Gaussian pulse shape. The 3 dB spectral width is 1 nm. The TBP is thus 0.757, which is 1.72 times the transform limit. The autocorrelation trace (and hence the pulsewidth) remains unaffected by injection locking.
The mechanism of stabilization can be explained as due to the optical pulse injection from the master laser into the CPM cavity, which injection locks the CPM laser to the stable master oscillator. Injection locking is confirmed by the supermode suppression and the reduction in the optical linewidth of the CPM laser, which is seen to closely match the linewidth of the master. The adjustment of the optical pulse timing of the CPM laser by the pulses of the master oscillator further leads to the sharpening in the RF spectrum peak and hence the RF linewidth reduction. However, the pulsewidth of the CPM laser remains the same after injection locking, indicating that the main pulse-formation mechanisms such as saturable absorption and saturable amplification are still dominated by the slave laser. Because the four pulse interaction is only occurring periodically (every 66th pulse of the slave laser), pulse shortening does not occur as might be expected with higher optical intensity in the SA. The injection locking may be due to a combination of FWM and linear scattering. Considering the small magnitude of linear scattering, which is shown to be −35 dB at waveguide angles of 31° [10] , we expect the contribution due to scattering to decrease at larger angles such as 90°used in our design. Also the linear coupling between the orthogonal waveguides is further reduced since the polarization of the light is TE and coupling into an orthogonal waveguide would have the k-vector and polarization of the scattered light being in the same direction, making the light a longitudinal wave, which is not allowed. We thus hypothesize that FWM plays a dominant role in our case; however, further experiments are required to confirm this effect.
In summary, we have demonstrated a novel, simple, compact, and cost-effective QD based laser design at 1.3 μm using standard fabrication processes. A stable high-Q passively mode-locked master laser is used to injection lock a passively mode-locked CPM slave laser. FWM in the common SA region is believed to be the contributing mechanism for the interaction and locking of the slave laser. This leads to almost 5-times reduction in the width of RF tone (from 24.35 MHz to 4.88 MHz) measured 30 dB down from the carrier. The RF noise level is reduced by more than 10 dB at 20 MHz offset after locking, and close to 3-times reduction of the 10 dB average optical linewidth (from 8 MHz to 3 MHz) is observed. These improvements confirm the potential of the new laser design as a compact, reliable, and robust source of high repetition rate optical pulses and for use in an all passive stabilization architecture. 
